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Edited by Maurice MontalAbstract Ca2+ release from intracellular Ca2+ stores, a pivotal
event in Ca2+ signaling, is a ‘quantal’ process; it terminates after
a rapid release of a fraction of stored Ca2+. To explain the
‘quantal’ nature, ‘all-or-none’ model and ‘steady-state’ model
were proposed. This article shortly reviews these hypotheses
and considers a recently proposed mechanism, ‘luminal potential’
model, in which the membrane potential of Ca2+ store regulates
Ca2+ eﬄux. By reassessing the ‘quantal’ nature, other important
features of Ca2+ signaling, oscillation and synchronization, are
highlighted. The mechanism for ‘quantal’ Ca2+ release may
underlie the temporal and spatial control of Ca2+ signaling.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The release of Ca2+ from intracellular Ca2+ stores shows
complex kinetic behavior. By examining the kinetics of hor-
mone-mediated 45Ca2+ eﬄux from pre-loaded stores, Muallem
et al. [1] found that the Ca2+ release is a ‘quantal’ rather than a
continuous process; it consists of a rapid release of a fraction
of stored Ca2+ followed by no or a much slower eﬄux of
Ca2+. This transient and partial release behavior has been
termed ‘quantal’ Ca2+ release [1].
The ‘quantal’ release of Ca2+ requires a mechanism for the
attenuation of Ca2+ eﬄux, such as inactivation of inositol
1,4,5-trisphosphate (InsP3) receptor channels [2]. However,
many studies have provided evidence for the lack of inactiva-
tion or desensitization of InsP3 receptor channels [3–9]. Alter-
natively, the eﬄux of Ca2+ may be compensated for by
reuptake of Ca2+ after a rapid release of Ca2+, as the activity
of store Ca2+ pumps is accelerated by a decrease in the concen-
tration of Ca2+ in the lumen of the Ca2+ store [10]. However,
this explanation was also unlikely because the transient Ca2+
release occurs in the absence of Ca2+ reuptake [3,4,8,9,11–13].
Another feature of ‘quantal’ Ca2+ release is that the amount
of Ca2+ released depends on the dose of agonist or InsP3
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doi:10.1016/j.febslet.2006.08.023[14,15]. Meyer and Stryer [3] suggested that such dose depen-
dent Ca2+ release acts as an ‘increment detector’ in response
to stepwise increases in stimulus intensity. To explain the
kinetics and the dose dependence of ‘quantal’ Ca2+ release,
the following two hypotheses were proposed.2. ‘All-or-none’ model versus ‘steady-state’ model
Muallem et al. [1] ﬁrst postulated that Ca2+ ions are released
from Ca2+ stores in an all-or-none fashion (‘all-or-none’
model). Then Irvine [16] proposed another model, in which
the sensitivity of InsP3 receptor to InsP3 is regulated by the
luminal Ca2+ concentration (‘steady-state’ model). Since these
two models were proposed, numerous studies attempted to
support or deny either of the two hypotheses. Missiaen et al.
[17] and Bootman [18] extensively reviewed and discussed these
hypotheses. The following is a short review of the two models
including recent studies.
2.1. All-or-none model
Muallem et al. [1] have supposed that intracellular Ca2+
stores are compartmentalized and a submaximal dose of ago-
nist or InsP3 discharges all the Ca
2+ content in a fraction of
the compartmentalized Ca2+ stores. It is also assumed that
the compartments of Ca2+ store diﬀer in the sensitivity to
InsP3. According to this model, all the stored Ca
2+ ions are re-
leased from a fraction of Ca2+ store at a given submaximal
dose of agonist, whereas no Ca2+ is released from the remain-
ing nonresponding fractions. This model would result in all-or-
nothing emptying of a store at a given concentration of InsP3
[19]. Cheek et al. [14,15] extended this model to ryanodine-sen-
sitive Ca2+ stores by applying caﬀeine to chromaﬃn cells. The
apparent heterogeneity in the sensitivity to InsP3 between the
compartments of Ca2+ store may be due to diﬀerent locations
of the compartments or to the distance from the site of InsP3
production [1,20,21]. Hirose and Iino [22] argued that the
apparent heterogeneity in the InsP3 sensitivity is due to the het-
erogeneous density of equally InsP3 – sensitive channels on the
Ca2+ stores.
2.2. Steady-state model
In Irvine’s ‘steady-state’ model, it is assumed that the InsP3
receptor has a Ca2+ binding site on its luminal side or there is
such a binding site on a protein associated with the InsP3
receptor. On this assumption it is hypothesized that a decreaseblished by Elsevier B.V. All rights reserved.
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aﬃnity of the InsP3 receptor for InsP3 [16]. According to this
model, a submaximal dose of agonist will reduce the luminal
Ca2+ concentration to a new set point, at which the aﬃnity
of the InsP3 binding site is lowered and thus the ‘active’ form
of InsP3 receptor turns into the ‘native’ form resulting in the
attenuation of Ca2+ eﬄux.
Since this model was proposed, a lot of studies have demon-
strated that a reduction in the luminal Ca2+ concentration
attenuates Ca2+ eﬄux [8,9,11–13]. Koizumi et al. [23] have
shown that the Ca2+ release from ryanodine-sensitive stores
is also regulated by the luminal Ca2+ concentration. Caroppo
et al. [11] reevaluated this issue by introducing a membrane-
permeant, low aﬃnity Ca2+ chelator (TPEN) to intact BHK-
21 cells. They have shown that a reduction in the luminal
Ca2+ concentration does indeed attenuate Ca2+ release. How-
ever, it remains unclear whether the regulation by luminal
Ca2+ occurs directly at the InsP3 receptor itself or indirectly;
the studies of InsP3 receptors reconstituted into planar lipid
bilayers do not support the cooperative interaction with lumi-
nal Ca2+ [24,25], although InsP3 receptor type 1 has a luminal
Ca2+ binding site [26] and is aﬀected by a Ca2+-dependent pro-
tein from the luminal side in a type-speciﬁc manner [27].3. ‘Luminal potential’ model
The release of Ca2+ from a Ca2+ store should cause ancillary
movements of other ions, such as inﬂux of K+, to compensate
for electrical charge movements across the store membrane
[28,29]. Otherwise, the Ca2+ eﬄux and a capacitative current
across the store membrane rapidly build up a lumen-negative
potential towards the equilibrium potential for Ca2+ ions
(ECa). Consequently the Ca
2+ release will decline with a de-
crease in the electro-chemical driving force for Ca2+ eﬄux. If
this is the case, the kinetics of the Ca2+ release by puriﬁed
InsP3 receptors reconstituted into lipid vesicles [30,31] can be
explained at least partly by the capacitance and time constant
of the vesicle membrane.
Recently, changes in the membrane potential of Ca2+ store
(luminal potential) have been measured in intact cells with
DiOC5(3), a voltage-sensitive ﬂuorescent probe for endoplas-
mic reticulum (ER) and nuclear envelope [32]. This study
shows that a biphasic change occurs in the luminal potential
with an agonist stimulus. A negative shift is initially caused
by a rapid release of Ca2+, and then a positive shift is caused
when Ca2+ pumps uptake Ca2+ ions into the Ca2+ store. Since
the positive potential shift is larger than the negative shift in
amplitude, it seems likely that the membrane resistance of
Ca2+ store is increased after the Ca2+ release. If the membrane
resistance were not increased, the voltage change would be
much smaller for the Ca2+ uptake, because the ﬂux of Ca2+
(rate of charge movement by Ca2+, i.e. Ca2+ currents) is smal-
ler during the uptake by Ca2+ pumps than at the rapid release
phase through InsP3 receptor channels.
The increase in the membrane resistance of Ca2+ store may
indicate closures of some ionic channels in the membrane of
Ca2+ store. In fact, voltage- and Ca2+-activated potassium
(BK-type) channels are present in the nuclear envelope or per-
inuclear ER [32,33]. The store BK channel is activated by po-
sitive shifts in the luminal potential and luminal Ca2+ increases
[32,33]. From these properties of the store BK channel and thedynamics of the membrane potential of Ca2+ store, ‘luminal
potential’ model has been proposed to account for ‘quantal’
Ca2+ release [32]. In this model, the store BK channel is closed
by a Ca2+ release-induced negative shift in the luminal poten-
tial and a decrease in the luminal Ca2+ concentration. The
store BK channel closure results in a decrease in the counter-
inﬂux of K+. The increase in the membrane resistance of
Ca2+ store enhances the negative potential shift towards ECa,
thereby the Ca2+ release declines with the loss of the driving
force for Ca2+ eﬄux. This process may act as a ‘brake’ on store
release. Then the activity of store Ca2+ pumps would be accel-
erated by the decrease in luminal Ca2+ [10] and the lumen-neg-
ative potential [34]. The Ca2+ pumps increase the
concentration of luminal Ca2+ causing positive shifts in the
luminal potential by the electrogenic nature of the Ca2+ pump,
which could lead to the reactivation of store BK channels. The
inﬂux of K+ itself also shifts the luminal potential in a positive
direction towards EK, which will be around 0 mV unless a [K
+]
gradient is formed across the store membrane. The store BK
channels are thus regeneratively activated in a voltage-depen-
dent manner causing a rapid depolarization in the luminal po-
tential [32]. The re-openings of store BK channels allow
repetitive Ca2+ release with the recovery in the driving force
for Ca2+ eﬄux.
This model may account for the transient kinetic behavior of
‘quantal’ Ca2+ release. The common feature of luminal poten-
tial model with steady-state model is that a reduction in lumi-
nal Ca2+ concentration attenuates Ca2+ eﬄux. The diﬀerence
between the two models is that the attenuation of Ca2+ eﬄux
is mediated by closures of store BK channels in the luminal po-
tential model, while closures of InsP3 receptor channels are
supposed in the steady-state model. To explain the dose depen-
dence of ‘quantal’ Ca2+ release by luminal potential model, it
seems necessary to consider compartmentalization of Ca2+
stores as supposed in all-or-none model. The Ca2+ store may
be functionally compartmentalized if diﬀusion of Ca2+ within
the lumen of Ca2+ store is slowed by Ca2+-binding substances
and/or by narrow luminal spaces. The narrow space raises the
luminal resistance, so that Ca2+ eﬄux would produce a local
shift in the luminal potential in a negative direction at each
releasing site.4. Ca2+ oscillation by ‘quantal’ Ca2+ release
It has been suggested that the mechanism for ‘quantal’ Ca2+
release may also underlie the generation of spontaneous oscil-
latory Ca2+ release [35]. The oscillatory Ca2+ release may be
explained by steady-state model, in which InsP3 receptor chan-
nels would be reactivated with the replenishment of Ca2+ store
if InsP3 concentration were constant [36]. In this case, the level
of luminal Ca2+ for the reactivation of InsP3 receptor channels
should be higher than the level for their inactivation, as the dif-
ference between the two levels would be the amount of Ca2+
released.
The spontaneous oscillatory Ca2+ release may also be ex-
plained by luminal potential model. In this model, there are
two states of Ca2+ store: depolarized state and hyperpolarized
state [32]. Ca2+ ions can be released with the openings of store
BK channels in the depolarized state (Fig. 1, Ca2+ release). The
Ca2+ release reduces the luminal Ca2+ concentration causing a
negative shift in the luminal potential. These changes could
ECa 0 (mV)Vlumen
[Ca2+] lumenCa2+
release
Ca2+
uptake
BK channel opening
BK channel closing
Fig. 1. Transition in the state of Ca2+ store between depolarized and
hyperpolarized states in luminal potential model. Ca2+ is released with
openings of store BK channels in the depolarized state (Ca2+ release).
The Ca2+ release causes a reduction in luminal [Ca2+] and a negative
shift in luminal potential. These changes close store BK channels (BK
channel closing) and counter-inﬂux of K+ decreases. The luminal
potential hyperpolarizes towards ECa and the driving force for Ca
2+
eﬄux decreases. Then Ca2+ pumps replenish the Ca2+ store (Ca2+
uptake) causing an increase in luminal [Ca2+] and a positive shift in
luminal potential. These changes reactivate store BK channels (BK
channel opening). K+ entry also contributes to the depolarization and
thereby a regenerative depolarization occurs in a voltage-depen-
dent manner. [Ca2+]lumen, concentration of Ca
2+ in the lumen of
Ca2+ store; Vlumen, membrane potential of Ca
2+ store; ECa, equilibrium
potential for Ca2+ ions across the membrane of Ca2+ store.
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Fig. 2. Electrical coupling of Ca2+ stores. Left, Schematic drawing of two
embryonic retina [32], where gap junction (GJ) interconnects the oute
Stepwise depolarization in the lumen of Ca2+ store in cell 1 produces a c
depolarize the lumen of Ca2+ store in cell 2. EN, extra-nuclear space in soma;
of ER membrane; NE, nuclear envelope; ONM, outer nuclear membrane; PM
and PM. This ﬁgure is cited from online Supplementary Material (Doc. S1)potential shift towards ECa to hyperpolarize the luminal poten-
tial (Fig. 1, BK channel closing). In the hyperpolarized state,
the Ca2+ release is attenuated with a decrease in the driving
force for Ca2+ eﬄux. Then the activity of store Ca2+ pumps
is accelerated (Fig. 1, Ca2+ uptake). The Ca2+ pump increases
the luminal Ca2+ concentration causing a positive shift in the
luminal potential. These changes could reactivate the store
BK channels, which may be further activated regeneratively
by K+ entry itself in a voltage-dependent manner (Fig. 1, BK
channel opening). The resultant depolarization would resume
Ca2+ release. In fact, the luminal potential oscillates bistably
by 45 mV in amplitude [32].
In both steady-state and luminal potential models, continu-
ous activation of InsP3 receptor channels by a constant concen-
tration of InsP3 [36] and/or openings of other ‘leak’ channels
[37,38] are required for self-sustained oscillation. It may also
be argued that such constant openings of Ca2+ releasing chan-
nels are not enough for optimal Ca2+ release. However, the
Ca2+ release may be ampliﬁed by Ca2+-induced Ca2+ release
(CICR) at releasing sites. Recently, it has been shown that
Ca2+ rises during Ca2+ oscillations are not accompanied by
any acceleration in the rate of increase in InsP3 concentration
[39], suggesting that the oscillatory Ca2+ release is not initiated
by the increase in the cytosolic InsP3 concentration [36].5. Synchronization of oscillatory Ca2+ release
Oscillatory Ca2+ releases are synchronized across multiple
cells in epithelium-like structures such as conﬂuent monolayers
of endothelial cells [40,41] and Madin-Darby canine kidney
(MDCK) cells [42,43], connected hepatocytes [44], and in a
polarized epithelium of cholangiocytes [45]. The synchronousgK
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cells in an epithelium-like structure such as the neuroepithelium of
r processes [54]. Arrows indicate presumed current ﬂows. Right,
apacitative current, which passes through the plasma membranes to
ER, endoplasmic reticulum; ERM, ER membrane; gK, K conductance
, plasma membrane. REN is heightened by close apposition of ONM
in [32].
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early embryonic retina [32] and the ventricular zone of neocor-
tex [46] and retina [47,48]. However, it is unclear how the oscil-
latory Ca2+ releases are synchronized across the cells, while
intercellular traveling waves of Ca2+ rise are well explained
by the release of a transmitter [49]. As gap junction blockade
disrupts the synchrony of oscillatory Ca2+ releases [43–45], it
is likely that gap junctions mediate the synchronization of
Ca2+ releases. However, passive diﬀusion of a second messen-
ger or Ca2+ through the gap junction cannot account for the
synchronization, because an agonist-induced Ca2+ release does
not cause synchronous Ca2+ rises even in contacted cells [44]
nor in closely positioned cells that show synchronous oscilla-
tory Ca2+ releases [32]. Thus the exact mechanism for the syn-
chronization of oscillatory Ca2+ releases remains unknown.
Recently, an electrical coupling hypothesis has been pro-
posed by the luminal potential model as an explanation for
the synchronization of oscillatory Ca2+ releases [32]. The elec-
trical coupling of Ca2+ stores can be achieved by close contact
of cells, in which the outer membrane of Ca2+ store should be
closely apposed to the plasma membrane (Fig. 2, left). The
rapid depolarization in the luminal potential during oscillation
may produce a capacitative current, which passes through the
plasma membranes to depolarize the lumen of Ca2+ store in
the neighboring cell (Fig. 2, right). In fact, the luminal poten-
tial oscillation is highly synchronized at the depolarization
phase [32]. This may be an example of ‘pulse-coupled’ oscilla-
tors [50]. Gap junction may be a requisite for the closure of the
current path (Fig. 2, left, GJ; right, RGJ).6. Concluding remarks
This article reviews the previous models for ‘quantal’ Ca2+
release and introduces luminal potential model. The luminal
potential of Ca2+ store has been taken into account in mathe-
matical models for Ca2+ oscillation [51–53]. However, the lumi-
nal potential is considered as a passive parameter subsidiary to
Ca2+ ﬂuxes in these theoretical models. By considering the volt-
age- and Ca2+-dependent activity of the BK channel in Ca2+
store, it can be postulated that ‘active’ changes occur in the
luminal potential. Regenerative openings and closings of the
store BK channels may cause transitions in the state of Ca2+
store between depolarized and hyperpolarized states in a bista-
ble manner. The Ca2+ eﬄux is regulated by the change in the
electro-chemical driving force for Ca2+ eﬄux. The luminal po-
tential model can explain the self-oscillation of Ca2+ release and
also the synchronization of the oscillatory Ca2+ releases across
the contacted cells by electrical coupling of Ca2+ stores. The
mechanism for ‘quantal’ Ca2+ release may underlie the tempo-
ral and spatial control of Ca2+ signaling.
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